Abstract: Amyloidogenic processing of the ␤-amyloid precursor protein (APP) has been implicated in the pathology of Alzheimer's disease. Because it has been suggested that catabolic processing of the APP holoprotein occurs in acidic intracellular compartments, we studied the effects of the protonophore carbonyl cyanide p-(trifluoromethoxy)phenylhydrazone (FCCP) and the H ϩ -ATPase inhibitor bafilomycin A1 on APP catabolism in human embryonic kidney 293 cells expressing either wild-type or "Swedish" mutant APP. Unlike bafilomycin A1, which inhibits ␤-amyloid production in cells expressing mutant but not wild-type APP, FCCP inhibited ␤-amyloid production in both cell types. Moreover, the effects of FCCP were independent of alterations in total cellular APP levels or APP maturation, and the concentrations used did not alter either cellular ATP levels or cell viability. Bafilomycin A1, which had no effect on ␤-amyloid production in wild-type cells, inhibited endocytosis of fluorescent transferrin, whereas concentrations of FCCP that inhibited ␤-amyloid production in these cells had no effect on endosomal function. Thus, in wild-type-expressing cells it appears that the ␤-amyloid peptide is not produced in the classically defined endosome. Although bafilomycin A1 decreased ␤-amyloid release from cells expressing mutant APP but not wild-type APP, it altered lysosomal function in both cell types, suggesting that in normal cells ␤-amyloid is not produced in the lysosome. Although inhibition of ␤-amyloid production by bafilomycin A1 in mutant cells may occur via changes in endosomal/lysosomal pH, our data suggest that FCCP inhibits wild-type ␤-amyloid production by acting on a bafilomycin A1-insensitive acidic compartment that is distinct from either the endosome or the lysosome.
Alzheimer's disease (AD) pathology is characterized by the widespread distribution of intracellular neurofibrillary tangles and the presence of extracellular senile plaques (Hardy, 1997; Selkoe, 1997) . The principal component of the senile plaque is the 4-kDa ␤-amyloid peptide (A␤), which is between 39 and 43 amino acids in length and is formed by endoproteolysis of the ␤-amyloid precursor protein (APP) (Kitaguchi et al., 1988; Ponte et al., 1988; Tanzi et al., 1988; Weidemann et al., 1989) . Alternative splicing of APP mRNA generates several different isoforms of APP, and in neurons the predominant isoform is 695 amino acids in length (APP 695 ) (Kitaguchi et al., 1988; Ponte et al., 1988; Tanzi et al., 1988) . After APP is synthesized, it traverses the endoplasmic reticulum and trans-Golgi network, where it becomes N-and O-glycosylated as well as tyrosine-sulfated (Weidemann et al., 1989) . The mature APP holoprotein can then be catabolized in several cellular compartments to produce either amyloidogenic fragments containing the intact A␤ sequence or nonamyloidogenic fragments cleaved within the A␤ sequence (Sisodia and Price, 1995; Selkoe et al., 1996) .
APP is expressed and constitutively catabolized in most cells (Sisodia and Price, 1995; Selkoe et al., 1996) . The dominant catabolic pathway appears to be cleavage of APP within the A␤ sequence by an enzyme provisionally termed ␣-secretase, leading to release of a soluble ectodomain fragment known as APPs␣ (␣-secretasecleaved N-terminal ectodomain of APP) (Esch et al., 1990; Sisodia, 1992) . In contrast to this nonamyloido-genic pathway, APP can also be cleaved by unidentified enzymes known as ␤-and ␥-secretases at the N and C termini of A␤, respectively, followed by release of A␤ into the extracellular space Seubert et al., 1993) . Akin to the release of APPs␣ following ␣-secretase cleavage of APP, ␤-secretase cleavage of APP results in the release of a truncated soluble ectodomain fragment known as APPs␤ (␤-secretase-cleaved N-terminal ectodomain of APP). In addition to the release of APPs␣, APPs␤, and A␤, several different C-terminal fragments are generated as processing intermediates (Caporaso et al., 1992; Estus et al., 1992; Golde et al., 1992; Haass et al., 1992; Knops et al., 1992) , including an intracellular ϳ12-kDa C-terminal fragment that contains the entire A␤ sequence (C99) produced following ␤-but not ␥-secretase activity (Checler, 1995) .
Based on the inhibition of APP catabolism by agents that are known to disrupt intracellular pH and/or acidic organelles, it has been suggested that proteolytic cleavage of APP occurs within acidic compartments of the cell (Caporaso et al., 1992; Golde et al., 1992; Haass et al., 1992 Haass et al., , 1995 Knops et al., 1992 Knops et al., , 1995 Shoji et al., 1992; Schrader-Fischer and Paganetti, 1996) . For example, exposure of cells to either the monovalent ionophore monensin or high concentrations of NH 4 Cl decreases APP proteolytic processing accompanied by concomitant alterations in full-length cellular APP (Caporaso et al., 1992; Golde et al., 1992; . Similarly, the vacuolar H ϩ -ATPase inhibitor bafilomycin A1 (baf A1) has been reported to produce alterations in APP catabolism that are both cell type-and APP mutationspecific (Haass et al., 1995; Knops et al., 1995; SchraderFischer and Paganetti, 1996) . However, interpretation of these data is complicated by the fact that these manipulations appear to alter both maturation and cleavage of APP. In preliminary experiments we found that the protonophore carbonyl cyanide p-(trifluoromethoxy)phenylhydrazone (FCCP) had no effect on APP maturation and reasoned that this compound might be a useful tool to address the issue of APP catabolism in acidic cellular compartments. Toward that end, we have now carried out a detailed analysis of the effects of FCCP and baf A1 on both amyloidogenic and nonamyloidogenic APP catabolism in human embryonic kidney (HEK) 293 cells expressing either wild-type or "Swedish" mutant APP. Our data suggest that production of A␤ from wild-type APP occurs in an acidic intracellular compartment that is distinct from the endosome or the lysosome yet sensitive to the actions of FCCP.
MATERIALS AND METHODS

Cell lines and drug treatments
HEK 293 cells stably transfected with either wild-type APP 695 (K695 cells) or APP carrying the AD-linked double "Swedish" mutation (K695sw cells) were cultured in Dulbecco's modified Eagle's medium supplemented with sodium pyruvate (1 mM ) and 10% fetal calf serum as previously described (Mills et al., 1997) . Cells were plated at 1 ϫ 10 6 cells per well in 35-mm 2 culture dishes (Corning) 24 h before drug exposure. Preceding the addition of drugs, cultures were washed once with warm phosphate-buffered saline (37°C) and then exposed to various treatments in Dulbecco's modified Eagle's medium supplemented with sodium pyruvate (1 mM). Cultures were then exposed to control medium, vehicle, or varying concentrations of FCCP (5 M, 500 nM, or 50 nM in 0.05% ethanol) or baf A1 (1 M in dimethyl sulfoxide). Four hours after addition of drugs, the medium was removed, and the cultures were washed once with phosphate-buffered saline and then harvested in 100 l of ice-cold lysis buffer containing 20 mM MOPS (pH 7.2), 5 mM EDTA, 0.01% Nonidet P-40, 75 mM ␤-glycerol phosphate, 1 mM dithiothreitol, 1 mM sodium vanadate, 0.5 mM phosphatase substrate, 1 mM phenylmethylsulfonyl fluoride, and 20 g/ml each of leupeptin, aprotinin, and pepstatin.
Detection of intra-and extracellular APP catabolic fragments
To examine extracellular APP fragments, the medium was retained and centrifuged at 4°C for 10 min at 16,000 g followed by precipitation of extracellular protein by 10% trichloroacetic acid (Mills et al., 1997) . Extracellular APPs␣ and A␤ were quantified, respectively, by 10% Tris-glycine sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and 16% Tris-tricine SDS-PAGE western blot analysis using the monoclonal antibody WO-2 generated against the first 16 amino acids of the N-terminal region of A␤ (Ida et al., 1996) . Similarly, extracellular wild-type APPs␤ was quantified by 10% Tris-glycine SDS-PAGE western blot analysis using the polyclonal antibody 192wt generated against amino acids 590 -596 of wild-type APP (Knops et al., 1995) . For examination of intracellular APP fragments, cultures were harvested in icecold lysis buffer and sonicated on ice for 8 s. Intracellular C99 and total APP were quantified, respectively, by 16% Tristricine western blot analysis using the WO-2 antibody and 10% Tris-glycine western blot analysis using an anti-APP N-terminal antibody (22C11; Boehringer Mannheim, Laval, QC, Canada). Immunoreactive bands were visualized using ECL detection (Amersham, Oakville, ON, Canada) and analyzed by standard densitometric techniques as described (Mills et al., 1997) .
Quantification of cellular ATP levels and assessment of cell viability
K695sw cells were maintained, exposed to drugs, and harvested as described above with the exception that cells were plated at 500,000 cells per plate and the lysis buffer used consisted of 25 mM Tricine (pH 7.8), 270 mM sucrose, and 1 mM EDTA. After harvesting, samples were centrifuged at 4°C for 10 min at 16,000 g and assayed for ATP content using a luciferase/luciferin ATP determination kit (A-6608; Molecular Probes, Eugene, OR, U.S.A.). ATP-dependent luminescence was quantified using an Optocomp II luminometer (MGM Instruments, Hamden, CT, U.S.A.), and ATP levels were determined by extrapolation from a standard curve. Cellular protein levels were quantified using the BCA protein assay (Pierce, Rockford, IL, U.S.A.), and cellular ATP levels were expressed as micromoles per microgram of protein. As a positive control, the effect of combined treatment with various concentrations of sodium azide and 2-deoxy-D-glucose (NaA/DG) was also examined in these studies.
Cell viability was quantified based on the exclusion of the membrane-impermeant probe YO-PRO (Molecular Probes).
K695sw cells were maintained and exposed to vehicle or various concentrations of FCCP as mentioned above with the exception that cells were plated at a density of 20,000 cells per well in 96-well plates (Falcon). Twenty-four hours after plating, cells were exposed to various treatments in Dulbecco's modified Eagle's medium supplemented with sodium pyruvate (1 mM ). At the same time as drug exposures, YO-PRO (4 M ) was added to each well, and its uptake was quantified every 30 min for 1 day at 37°C using a Cytofluor 2350 fluorometric plate reader (Millipore, Mississauga, ON, Canada). As a positive control, all wells were exposed to 0.1% Triton X-100 at the end of the experiment.
Quantification and visualization of endosomal and lysosomal function
Endosomal function was assessed by fluorometric quantification of the receptor-mediated uptake of both Texas red-and fluorescein-labeled transferrin (Molecular Probes) (Johnson et al., 1993; van Weert et al., 1995; Presley et al., 1997) . K695 and K695sw cells were maintained and exposed to various treatments as described with the exception that cells were plated at a density of 250,000 cells per well in 24-well plates (Corning). Twenty-four hours after plating, cells were exposed to various treatments in Dulbecco's modified Eagle's medium supplemented with sodium pyruvate (1 mM) and 10% fetal bovine serum. Coincident with exposure to drugs, both transferrin-Texas red (Tf-Tx) and transferrin-fluorescein (Tf-F) (10 l/ml of medium of 5 mg/ml stocks in phosphate-buffered saline) were added to each well and incubated for 4 h at 37°C. Each well was then gently washed three times with warm medium, and uptake of fluorescent probes was quantified at 37°C using a Cytofluor 2350 fluorometric plate reader (Millipore). The non-pH-dependent Tf-Tx fluorescence and the pHdependent Tf-F fluorescence were quantified using excitation filters of 590 (bandwidth ϭ 20 nm) and 485 nm (bandwidth ϭ 20 nm) with emission filters of 645 (bandwidth ϭ 40 nm) and 530 nm (bandwidth ϭ 25 nm), respectively.
Similarly, lysosomal function was assayed by uptake of the fluorescent probe Lysosensor Yellow/Blue DND-160 (Molecular Probes) (Hurwitz et al., 1997) . Assay of Lysosensor uptake was performed in an identical manner to that of the fluorescently labeled transferrin conjugates with the exception that addition of 7 l of Lysosensor/ml of medium was obtained from a 1 mM stock solution in dimethyl sulfoxide. The lowpH-dependent blue fluorescence and the high-pH-dependent yellow fluorescence were quantified using an excitation filter of 360 nm (bandwidth ϭ 40 nm) and emission filters of 460 (bandwidth ϭ 40 nm) and 530 nm (bandwidth ϭ 25 nm), respectively. At the end of the experiment, Triton X-100 (0.1%) and the membrane-impermeant probe propidium iodide were added to each well to standardize fluorescence measurements to total cell number. Propidium iodide fluorescence was determined using an excitation filter of 530 nm (bandwidth ϭ 25 nm) and an emission filter of 620 nm (bandwidth ϭ 40 nm). For all three probes examined, relative fluorescence was obtained by subtraction of values from sister wells that had not been exposed to fluorophores. Exposure of blank wells (no cells) to probes and subsequent washing produced less signal than that observed from cellular autofluorescence.
As positive controls in both transferrin and Lysosensor uptake experiments, sister wells were exposed to NH 4 Cl (20 mM ), which is known to affect acidic cellular compartments.
For the direct visualization of the cellular distribution of the Tf-Tx, Tf-F, and Lysosensor probes, K695 cells were grown, treated, and exposed to fluorophores as above with the exception that cells were plated in 35-mm 2 plates (Corning) at a density of 750,000 cells per dish. Cultures were visualized and photographed through a water immersion lens (63ϫ magnification) using an Axiophot fluorescent microscope (Zeiss, Germany) with the same excitation and emission filters as described above.
Statistical analysis
Statistical significance was determined using an ANOVA with Tukey's post hoc analysis. Values of p Ͻ 0.05 were considered significant. Data are expressed as mean Ϯ SEM values. Sequential western blots are representative of between three and five separate samples of which at least two were taken from a different trial. Four to six repetitions were used for each treatment group in experiments quantifying cellular ATP levels, cell viability, and endosomal/lysosomal function.
RESULTS
FCCP inhibits APP catabolism but not maturation
We began our study using HEK 293 cells stably transfected with APP bearing the "Swedish" mutation (K695sw cells), as detection of the APP fragments A␤ and C99 is relatively straightforward in this cell line . Exposure of K695sw cells to the protonophore FCCP resulted in a concentration-depen- dent decrease in both A␤ release (Fig. 1A) and the formation of the cell-associated C99 fragment (Fig. 1B) . Production of the ectodomain fragment APPs␣ was only affected by exposure to the highest concentration of FCCP (5 M; Fig. 1C ), whereas neither total cellular levels of APP nor the maturation of APP via NЈ/OЈ-linked glycosylation appeared to be affected by any concentration of FCCP used (Fig. 1D) .
In previous studies it was shown that the H ϩ -ATPase inhibitor baf A1 reduced A␤ production in K695sw cells but not in cells expressing wild-type APP (Haass et al., 1995; Knops et al., 1995; Schrader-Fischer and Paganetti, 1996) . As both baf A1 and FCCP alter the pH of acidic compartments, albeit via different mechanisms, we tested the effects of FCCP on APP catabolism in HEK 293 cells stably transfected with wild-type APP 695 (K695 cells). In contrast to the reported lack of effect of baf A1 on A␤ production in these cells, treatment with FCCP clearly inhibited A␤ and APPs␤ production in a concentration-dependent manner ( Fig. 2A and B) . Moreover, in contrast to the modest effects of FCCP on APPs␣ release from K695sw cells, treatment of K695 cells with FCCP also resulted in a marked concentrationdependent decrease in APPs␣ production (Fig. 2C) . The effect of FCCP on A␤, APPs␤, and APPs␣ production did not arise secondary to effects on protein maturation, as both total levels of cellular APP and maturation of APP appeared to be unaffected (Fig. 2D) . Because of the low levels of C99 found in K695 cells, we were unable to quantify accurately the effects of FCCP on this APP catabolic fragment in wild-type cells.
Baf A1 decreases A␤ production from mutant but not wild-type APP
To confirm previous reports that treatment of HEK 293 cells with baf A1 results in selective reductions in amyloidogenic processing of "Swedish" mutant but not wild-type APP (Haass et al., 1995; Knops et al., 1995; Schrader-Fischer and Paganetti, 1996) , we examined the effects of treatment with baf A1 (1 M) on these two cell lines (Fig. 3) . Consistent with previous reports, exposure of K695sw cells to baf A1 led to a potent reduction in A␤ production (Ͼ95%; Fig. 3A ) and increased APPs␣ in the medium by Ͼ200% (Fig. 3B) . In contrast, treatment of K695 cells with baf A1 did not significantly alter either A␤ or APPs␣ release ( Fig. 3D and E) . Analysis of cellular APP levels in both cell types revealed that exposure to baf A1 led to increases in the amount of "mature" APP and in wild-type cells to an increase in "immature" APP levels as well ( Fig. 3C and F) .
FCCP does not inhibit ATP formation and is nontoxic
Because mitochondria utilize the proton gradient as a driving force for ATP generation, it has long been thought that FCCP, and the class of mobile ionophores of which it is a member, may uncouple oxidative phosphorylation by acting as protonophores in mitochondrial membranes (Benz and McLaughlin, 1983; Luvisetto et al., 1987) . Indeed, it has been shown that low concentrations of FCCP (1 M) are able to alter mitochondrial membrane potential (Maechler et al., 1997) but that prolonged application (2 h) of high concentrations (30 M) are required to decrease cellular ATP levels modestly (Luo et al., 1997) . To determine whether the concentrations of FCCP that altered APP catabolism were sufficient to change ATP levels in K695sw cells, we measured ATP levels following exposure of these cells to various concentrations of FCCP (Fig. 4A) . As a positive control, the effect of a combination treatment with NaA/DG on cellular ATP levels was also evaluated (Fig.  4B) . As expected, treatment of K695sw cells with NaA/DG resulted in a concentration-dependent decrease in cellular ATP levels. In contrast, treatment with FCCP did not alter cellular ATP levels at any of the concentrations measured. In addition to the lack of effect of FCCP on ATP levels, the question as to whether FCCP was toxic was also addressed by using YO-PRO exclusion staining. It was observed that a 24-h exposure of K695sw cells to any concentration of FCCP did not reduce cell viability (Fig. 4C) . Taken together, these data suggest that the effects of FCCP on APP catabolism are independent of secondary effects on oxidative phosphorylation or the result of reduced cell viability.
Effects of FCCP and baf A1 on endosomal and lysosomal function
Based on the lack of effect of FCCP on cellular ATP levels, we sought to ascertain the specific acidic compartment(s) through which deacidification by FCCP could account for a decrease in APP catabolism. Endosomal function was assessed by the receptor-mediated uptake of both Tf-Tx and Tf-F, which are non-and pH-sensitive endosomal probes, respectively. The use of these probes to measure endosomal function has been well characterized (Johnson et al., 1993; van Weert et al., 1995; Presley et al., 1997) , and the pH dependency of the Tf-F signal is based on the known sensitivity of fluorescein to low pH, whereby its fluorescent signal is diminished. Thus, decreases in Tf-Tx uptake represent decreased receptor-mediated internalization of transferrin and/or total endosomal number, whereas increases in Tf-F fluorescence may be indicative of endosomal deacidification. FCCP did not exert a significant effect on endosomal function in either K695 or K695sw cells ( Fig.  5A and C) . In contrast, treatment of K695 cells with baf A1 and of both cell lines with NH 4 Cl significantly reduced endosomal function as measured by the uptake of Tf-Tx/Tf-F. Representative photomicrographs of FCCP-, baf A1-, and NH 4 Cl-induced changes in Tf-Tx and Tf-F cellular fluorescence in K695 cells are depicted in Fig. 6 .
Through the use of a similar technique, putative lysosomal function in both cell lines was assessed by quantification of Lysosensor Yellow/Blue DND-160 uptake. Through the use of this fluorophore, the number of lysosomes that possess both low and high acidity can be quantified based on the ability of this probe to exhibit a predominantly blue fluorescent emission spectrum in less acidic lysosomes and a yellow emission spectrum in more highly acidic lysosomes. Although it is probable that a proportion of this probe may partition into other acidic compartments, it is thought that Lysosensor predominantly accumulates in lysosomes of somatic cells, and its staining pattern has been reported to resemble that of LAMP-1 and LAMP-2, markers for lysosomes (Hurwitz et al., 1997) . A slight drawback with this technique   FIG. 4 . FCCP does not deplete cellular ATP levels or decrease cell viability. K695sw cells were exposed to various concentrations of FCCP for either 30 min (shaded columns) or 4 h (solid columns), and cellular ATP levels were quantified by luciferin/luciferase bioluminescence assay (A). Veh, vehicle. B: As a positive control, the ability of NaA/DG to deplete cellular ATP levels can be seen. Cntl, control. C: K695sw cells were exposed to Veh (circles) or 5 M (squares), 500 nM (diamonds), or 50 nM (hexagons) FCCP for 24 h, and cell viability was assessed by the YO-PRO exclusion method. At the end of the experiment, 0.1% Triton X-100 was added to each well as a positive control. Data are mean Ϯ SEM (bars) values (n ϭ 4 -6). *p Ͻ 0.05.
is the presence of a small amount of overlap between the excitation and emission spectra, which are originating from the same parent molecule. However, as with the effects of baf A1 and NH 4 Cl on endosomal function, it was observed that both of these agents produced profound reductions in lysosomal function as seen by reductions in the number and/or function of both low and highly acidic lysosomes (Fig. 5B and D) . Similarly, FCCP also led to reductions in lysosomal function, albeit not as profound as those observed with baf A1 or NH 4 Cl. Representative photomicrographs of FCCP-, baf A1-, and NH 4 Cl-induced changes in Lysosensor blue and yellow cellular fluorescence in K695 cells are depicted in Fig. 6 .
DISCUSSION
The two major findings of this study are (a) that FCCP is able to inhibit APP catabolism independent of overt alterations in either total APP synthesis or maturation and (b) that ␤-amyloid production from wild-type APP appears to occur in an FCCP-sensitive acidic compartment that is not what is classically defined as either the endosome or the lysosome. Although other agents capable of altering intracellular pH gradients have been shown to alter APP catabolism (Caporaso et al., 1992; Golde et al., 1992; Haass et al., 1992 Haass et al., , 1995 Knops et al., 1992 Knops et al., , 1995 Shoji et al., 1992; Schrader-Fischer and Paganetti, 1996) , to the best of our knowledge FCCP is the only compound that does so at concentrations that do not overtly affect either synthesis or maturation of APP. As such, the use of FCCP represents an opportunity to better define the intracellular compartments in which catabolism of APP occurs.
A large body of evidence suggests that production of A␤ occurs in an acidic intracellular compartment. Thus, the macrolide antibiotic baf A1, which inhibits vacuolar H ϩ -ATPases (Bowman et al., 1988) , the monovalent ionophore monensin, which depletes H ϩ /Na ϩ /K ϩ gradients and inhibits Golgi/lysosomal function (Tartakoff, 1983) , and the ammonia donor NH 4 Cl all inhibit A␤ production (Caporaso et al., 1992; Golde et al., 1992; Haass et al., 1992 Haass et al., , 1995 Knops et al., 1992 Knops et al., , 1995 Shoji et al., 1992; Schrader-Fischer and Paganetti, 1996) . Although each of these compounds has effects on APP maturation, the fact that three agents capable of altering intracellular pH reduce A␤ production is consistent with the hypothesis that A␤ is generated in an intracellular acidic compartment. Our finding that the protonophore FCCP reduces A␤ production without altering APP maturation or synthesis further strengthens the hypothesis that the enzymes ␤-and/or ␥-secretase require an acidic environment in which to operate. With respect to APPs␣, both monensin and NH 4 Cl reduce production of this APP catabolite (Caporaso et al., 1992; Golde et al., 1992; Haass et al., 1992; Knops et al., 1992; Shoji et al., 1992) , whereas baf A1 does not (Knops et al., 1995; Haass et al., 1995; Schrader-Fischer and Paganetti, 1996) , leaving open the question of whether ␣-secretase is localized to an acidic compartment. Our observation that FCCP decreases APPs␣ release from cells expressing both wildtype and mutant APP, again without affecting synthesis or maturation of APP, suggests that this enzyme is indeed localized to an acidic compartment. Because FCCP but not baf A1 inhibited APPs␣ production from both cell types, we propose that ␣-secretase cleavage of wildtype APP and to a lesser degree mutant APP occurs in a baf A1-insensitive acidic compartment. Given the potential of the enzymes ␣-, ␤-, and ␥-secretase as therapeutic targets in AD, identifying the acidic compartments in which they act is of considerable importance.
Previous studies have reported that the actions of baf A1 are APP type-specific insofar as inhibition of H ϩ -ATPase does not decrease either APPs␣ or A␤ release in cells expressing wild-type APP yet selectively inhibits amyloidogenic processing in cells expressing the "Swedish" mutant form of APP (Haass et al., 1995; Knops et al., 1995; Schrader-Fischer and Paganetti, 1996) . Our findings confirm these observations and for the first time show that baf A1 impairs the integrity of acidic compartments in both mutant and wild-type APP-expressing cells even though it only alters A␤ production in the former. The observation that both baf A1 and FCCP
FIG. 5.
Effects of FCCP and baf A1 on endosomal and lysosomal function. K695sw (sw) and K695 (wt) cell lines were exposed to vehicle (Veh), FCCP (5 M or 500 nM ), baf A1 (1 M ), or NH 4 Cl (20 mM ) for 4 h, and endosomal and lysosomal function was assessed. A and C: Endosomal function was evaluated by fluorescent quantification of both the non-pH-dependent probe, Tf-Tx (shaded columns), and the pH-sensitive conjugate, Tf-F (solid columns). B and D: Similarly, lysosomal function was measured by fluorescent quantification of both the blue (shaded columns) and yellow (solid columns) emission spectra of Lysosensor, which are more predominant in less and more acidic lysosomes, respectively. Data are mean Ϯ SEM (bars) values (n ϭ 4 -6). *p Ͻ 0.05.
impair lysosomal function as well as decrease the formation of C99, A␤, and other ␤-secretase cleavage products from cells expressing mutant APP (Haass et al., 1995; Knops et al., 1995; Schrader-Fischer and Paganetti, 1996) is in agreement with the notion that the ␤-secretase(s) that cleaves mutant APP is localized to a baf A1-sensitive acidic compartment such as the lysosome.
It has been suggested that baf A1 decreases the formation of A␤ starting at Asp 1 in cells expressing both "Swedish" mutant and wild-type APP but that this decrease is masked in cells expressing wild-type APP by a compensatory increase in the formation of A␤-like peptides starting at N termini such as Val 3 (Haass et al., 1995) . Based on these findings, it was suggested that the ␤-secretase responsible for cleavage of A␤ at Asp 1 is localized in a baf A1-sensitive acidic compartment (Haass et al., 1995) . Our data demonstrating that FCCP decreases the formation of both APPs␤ and A␤ in K695 cells suggest that ␤-secretase cleavage of wild-type APP does indeed occur in an acidic compartment but that this compartment is FCCP-sensitive and baf A1-insensitive.
Although the clathrin coated-pit endocytic pathway has been implicated in production of A␤ following internalization of cell surface APP (Koo and Squazzo, 1994; Lai et al., 1995) , our data suggest that the endosome is an unlikely site for wild-type A␤ synthesis. Although FCCP potently attenuated A␤ synthesis, even the highest concentration used did not have an effect on endosomal function as measured using fluorescently labeled transferrin. As with the its effect on lysosomes, baf A1 reduced receptor-mediated uptake of transferrin in cells expressing wild-type APP, presumably via altering endosomal pH, yet baf A1 had no significant effect on A␤ production in these cells. Thus, FCCP reduces A␤ production without affecting endosomal function, whereas baf A1 reduces endosomal function without altering production of A␤. Such a double dissociation implies that normal production of A␤ does not occur in the endosome, as classically defined by transferrin uptake.
The evidence against a lysosomal site of A␤ synthesis in wild-type cells is convincing. Irrespective of the ability of baf A1 and, to a lesser degree, FCCP to alter lysosomal function in both cell lines, the observation that FCCP reduced A␤ production from both cells expressing the mutant and those expressing wild-type APP, whereas baf A1 did not decrease A␤ formation from the latter, clearly indicates that wild-type production of A␤ occurs in a cellular compartment that is insensitive to the deacidifying actions of baf A1. Given the evidence that lysosomes express the vacuolar H ϩ -ATPase (Nelson, 1991) , which is inhibited by baf A1 (Bowman et al., 1988) , and our data demonstrating that application of baf A1 drastically reduces lysosomal function as measured using the Lysosensor probe, it seems fair to conclude that wild-type production of A␤ does not occur in the lysosome.
One interpretation of our data is that FCCP inhibits catabolic processing of wild-type APP by acting on a baf A1-insensitive acidic compartment that is distinct from what is classically defined as either the endosome or the lysosome. As the endoplasmic reticulum and trans-Golgi compartments have been implicated in the generation of A␤ (Xu et al., 1995 (Xu et al., , 1997 Hartmann et al., 1997; WildBode et al., 1997) , it seems reasonable to hypothesize that this represents the site of FCCP action. However, a direct test of this hypothesis is limited because current techniques do not permit the quantification of the pH and functional activity of these compartments in living cells. Moreover, even though FCCP is well known to be a protonophore, our data do not allow us to rule out other mechanisms of action. For example, it has recently been reported that in erythrocyte membranes FCCP stimulates the activity of aminophospholipid translocase (Sokal and Bartosz, 1998) , a member of the P-type ATPases (Tang et al., 1996) . These enzymes are thought to act as "flippases," moving aminophospholipids between the inner and outer leaflets of cellular membranes (Williamson and Schlegel, 1994; Dolis et al., 1997) . Given the fact that both ␣-and ␤-secretases act in close proximity to the membrane, it is entirely possible that their activity is altered by subtle changes in membrane composition. Identifying the mechanism by which FCCP alters APP processing may provide valuable insight into potential therapeutic strategies for AD.
